The flow induced crystallization behaviour of a LDPE:PE-g-MA:D72T 90:9:1 nanocomposite has been investigated by in-situ Rheo-SALS technique and data have been compared with those obtained from a reference LDPE:PE-g-MA 90:9 sample. Rheo SALS results, confirming thermal analysis findings, indicate that under mild shear flow fields the organoclay exhibits a negligible nucleating effect. Both nucleation density and, as a consequence, crystallization rate, are not appreciably affected by the application of external flow field for both the examined systems, revealing that no evident synergic effects between the organoclay and the shear flow are present. On the other hand, Rheo SALS analysis indicates that the nanocomposite submitted to flow exhibits a higher level of crystal orientation. TEM morphological analyses support this observation suggesting that the orientation of the nanofiller along the flow direction templates the growth of oriented crystals.
Introduction
In the past years Flow Induced Crystallization (FIC) of macromolecular systems has been largely investigated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] to understand the role of the thermo-mechanical history applied during polymer processing on the final morphology and properties of polymeric materials. A good level of knowledge has been reached and it is well established that application of flow fields before and/or during polymer solidification results in a large increase of nucleation density and, as a consequence, of the overall crystallization rate [1] [2] [3] 7, [10] [11] [12] [13] .
The application of flow promotes alignment of macromolecular chains along the flow direction, generating oriented nano-ordered aggregates which act as nuclei at the crystallization temperature [4] [5] [6] [12] [13] [14] [15] [16] [17] [18] [19] [20] . FIC studies have been addressed to investigate the role of molecular parameters (composition [21] [22] [23] , molar mass [24] [25] [26] [27] [28] [29] [30] [31] , etc) and flow conditions [11] [12] [32] [33] [34] on the crystallization kinetics of polymers, mainly of polyolefins.
However, FIC behaviour in nanocomposites has received so far little attention; few studies dealing with the flow effects on the crystallization of nano-filled polymeric materials have been reported [35] [36] [37] [38] [39] [40] [41] [42] . In particular, most of them focus on the flow induced crystallization in polypropylene nanocomposites. From time-resolved light scattering experiments, Somwangthanaroj [35] showed that, under flow conditions, intercalated PP/amino-exchanged montmorillonite nanocomposites crystallizes faster than the parent polypropylene. This behaviour was also found by Monasse et al. [37] . Recently, Hsiao et al. [38] found a similar effect on PP/modified carbon nanofibers. In 2009 Rozanski et al. [42] evidenced a strong enhancement of crystallization rate after shearing in exfoliated PP based nanocomposites; however, despite the strong effect on solidification kinetics only a weak orientation of α PP crystals was observed, probably related to the development of a very small population of oriented crystals under shear.
Here we report FIC results obtained, by means of an in-situ Rheo-SALS technique, on LDPE nanocomposite containing 1 wt% of organoclay under low-medium intensity shear flow fields. The effect of shear flow on the morphology has also been investigated by means of TEM.
Results and discussion

Quiescent crystallization
To disclose the coupled role of flow fields and nanoclay on the crystallization kinetics and morphology, a reference sample LDPE:PE-g-MA 90:9 and a nanocomposite LDPE:PE-g-MA:D72T 90:9:1 were investigated. According to the literature [43] [44] [45] [46] [47] [48] , SALS technique can be successfully adopted to follow the melt crystallization and to appreciate both the characteristic temperatures of the process and the resultant morphology. The adopted experimental protocol is described in the experimental section and the applied flow conditions, carefully selected on the basis of preliminary melt crystallization experiments, are reported in Table 1 .
As an example, two sequences of scattering patterns collected during cooling from the molten state for the reference sample LDPE:PE-g-MA 90:9 and for the nanocomposite LDPE:PE-g-MA:D72T 90:9:1 are shown in Figure 1 . Figure 1a , related to the reference sample, evidences that under quiescent conditions the nucleation process starts at 99°C and most of crystallization process takes place in the range between 98 and 95°C. In facts, in the second frame of Figure 1a , the four lobes characteristic of spherulitic morphology appear and the scattering intensity quickly increases on decreasing temperature, thus indicating that crystallization process still continues on cooling.
The analysis of frames recorded on cooling evidences that no changes in pattern intensity can be detectable in the range between 65 an 40°C, suggesting that crystallization is almost completed at these temperatures.
Similarly, Figure 1b , related to the nanocomposite, shows that nucleation begins at 100°C (second pattern) and most of the process takes place between 100 and 96°C. The temperature derivative of SALS transmitted intensity (dI/dT) is plotted in Figure 2 as a function of temperature. The curves are compared with DSC traces recorded according to the procedure described in the experimental part. SALS crystallization data confirm DSC results: the organoclay does not play any relevant nucleating role, since the reference sample LDPE:PE-g-MA 90:9 and the nanocomposite LDPE:PEg-MA:D72T 90:9:1 exhibit very close crystallization peak temperatures, T c , whose difference is within the range of the experimental error.
This result agrees with some literature data referred to LDPE/organo modified nanocomposites [49] and polypropylene/montmorillonite nanocomposites [35, 37] . Morawiec et al. [49] evidenced by thermal analyses that crystallization kinetics in LDPE/organo modified systems is not affectd by the presence of organo clay. Similarly, a poor nucleating activity of the clay is usually reported for polypropylene based nanocomposites crystallizing under static conditions.
Flow induced crystallization
In Figure 3 dI/dT as a function of temperature in the shear rates range between 1 and 7 s -1 for the reference sample LDPE:PE-g-MA 90:9 is shown. No relevant changes in the crystallization peak temperature on increasing shear rate can be appreciated. Indeed, independently from the adopted shear flow field intensity, crystallization takes place around 98 °C, thus suggesting that the application of low-medium intensity shear flows barely affects the solidification process of LDPE:PE-g-MA 90:9.
This behavior differs from what usually observed for other not compatibilized polyolefins [1, 2, [11] [12] [13] [14] [15] for which, as reported in literature, crystallization kinetics dramatically increases on increasing the shear rate. Temperature (°C) On the contrary, from Figure 4 , related to the LDPE:PE-g-MA:D72T 90:9:1 nanocomposite, a slightly different situation can be observed. On increasing shear rate, the crystallization peak shifts towards higher temperatures. As an example, when a shear rate of 5 s -1 is applied for 3 s at 110 °C, the crystallization peak shifts from 98.5 °C to 100.5 °C.
In Figure 5 a comparison between the crystallization behaviour of the reference and nanocomposite sample is shown. In particular, the nucleation density value, N, as derived from SALS experiments on the basis of equations proposed in the experimental section, is plotted as a function of shear rate. It is evident that, independently from the applied shear rate, both in the LDPE:PE-g-MA 90:9 and in the LDPE:PE-g-MA:D72T 90:9:1, N differs at most by a factors of 2. This indicates that in the investigated system crystallization behaviour under flow is barely affected by the presence of the organoclay.
Nucleation density does not considerably change on increasing shear rate, indicating that the applied flow field is not adequate to produce active nuclei. These results slightly differ with literature data referred to polypropylene nanocomposites [35, 37, 38] .
Actually, as shown in Figure 5 , in the studied LDPE matrix, even in absence of external flow fields, the number of nuclei is about 5 order of magnitude higher than that usually quantified for other polyolefins crystallized under similar flow conditions [24] . Such high concentration of intrinsic nuclei (i.e. those of homogeneous or heterogeneous nature, not generated by flow field) overwhelms that produced by external flow fields. A similar behaviour has been recently reported for flow induced crystallization of polypropylene filled with different nucleating agents [50] . In that work, SAXS-WAXD data demonstrated that only when the concentration of flow induced nuclei is, at least, of the same order of magnitude of those naturally present in the system, the effects of flow can be appreciated. Moreover, also the relatively low molecular weight of the LDPE matrix can be taken into account to explain the weak effect of flow on crystallization. In facts, as reported in literature [24] [25] [26] [27] [28] [29] [30] [31] , when a given shear condition is applied, a low molecular weight should result in a low molecular orientation of the system and, thus, in a reduced enhancement of crystallization rate.
Notwithstanding the weak role of flow fields on the nucleation density of LDPE systems, a high level of orientation can be reached when mild shear flow fields are applied on the nanocomposite sample. In Figure 6a and b the room temperature scattering pattern for the LDPE:PE-g-MA 90:9 and LDPE:PE-g-MA:D72T 90:9:1 nanocomposite sheared at 110 °C at a shear rate of 5s -1 are shown, respectively.
In Figure 6a the typical Hv four lobes patterns, characteristics of a spherulitic system crystallized under quiescent condition [47] , can be observed. In Figure 6b , the stretched four lobes, characteristics of oriented structures are evident. This indicates that, notwithstanding the small effect of nanoclay on nucleation density, the orientation of the nanofiller templates the subsequent growth of oriented crystals. A quantitative evaluation of the degree of orientation reached under flow can be performed simply by measuring the angle distortion between two lobes, taking into account that the higher is the level of orientation the lower the angle distortion is. In particular, in Figure 7 the angle value between two lobes as a function of shear rate for the reference sample and the nanocomposite system is plotted. As expected the orientation increases on increasing shear rate and the LDPE nanocomposite (red symbols) exhibits a higher level of orientation than the reference system. As proposed by Hsiao et al [38] , this evidence can be related to the hindrance experienced by polymer chains in their motions, due to the presence of the nanofiller. The resulting delayed chain relaxation is responsible of the slight increase of the amount of orientation. Along this line, the results shown in Figure 7 can be fully justified.
Morphological characterization
A detailed thermal and morphological characterization of LDPE:PE-g-MA 90:9 and LDPE:PE-g-MA:D72T 90:9:1 has been recently reported elsewhere [51] . In particular, the morphological analysis performed by TEM on the LDPE:PE-g-MA:D72T nanocomposite plaques indicates a good dispersion of the organoclay into the polymer matrix, since the sample is mainly composed of exfoliated clay layers, even if intercalated tactoids are sometimes observed.
In order to ascertain the influence of shear flow both on organoclay dispersion and nucleation density (spherulitic crystallization), TEM observations were performed, according to the procedure described in the experimental part, on films obtained after Rheo-SALS experiments carried out both in quiescent conditions and under shear (T s = 110°C, t s = 3 s,
TEM pictures reported in Figure 8 show that in all the samples single platelets and stacks of layers are present, indicating a mainly exfoliated morphology. The clay particles are evenly dispersed and oriented with respect to shear direction (Figure 8  d,f) . However, the application of the shear during cooling does not seem to affect the dispersion and the overall orientation of the clay. It must to be pointed out that the shear rates applied are much lower that those typically applied during polymer processing. On the other hand, as it is clearly seen in Figure 8 a,c,e, the spherulites became smaller, reaching sub-micrometric dimensions, on increasing the shear rate thus confirming the increase in the nucleation density value, N, shown in Figure 5 .
Conclusions
Flow induced crystallization of a LDPE:PE-g-MA:D72T 90:9:1 nanocomposites have been studied by in-situ Rheo-SALS experiments and data have been compared with those obtained from a reference LDPE:PE-g-MA 90:9 sample.
Rheo-SALS technique allows acquiring reliable information, comparable with DSC data, on the crystallization behaviour both in quiescent conditions and after the application of low-medium intensity flow fields. Data analysis reveals that the organoclay exhibits a negligible nucleating effect independently from the applied shear rate.
The application of external flow field does not significantly affect the crystallization rate of LDPE:PE-g-MA:D72T 90:9:1 nanocomposite and the crystallization peak temperature is barely affected by the shear rate value. Nucleation density in the modified filled LDPE matrix is very high, much higher than that usually obtained for other polyolefins. N does not change on increasing shear rate, thus suggesting that the application of flow does not modify the crystallization rate of filled LDPE and no relevant synergism between clay and flow can be appreciated. On the other hand, SALS analysis evidences that the nanocomposite submitted to flow exhibits a higher level of crystal orientation. TEM morphological observations supports Rheo-SALS results and evidence that the organoclay are oriented along the flow direction, thus favouring and templating the subsequent growth of oriented crystals.
Experimental part
LDPE nanocomposites
The LDPE nanocomposite was prepared via direct melt intercalation in a co-rotating twin-screw extruder (THERMO, PolyLab) with a screw diameter of 24 mm and a length-to-diameter ratio (L/D) of 40. The sample was obtained by dilution of a previously prepared masterbatch by mixing the organoclay (Dellite D72T , Laviosa) with the compatibilizer (PE-g-MA), a maleic anhydride modified polyethylene (UL EP Compoline, Auserpolimeri), the weight proportion between compatibilizer and organoclay being 9:1. In a second step, the masterbatch was melt blended with LDPE (Riblene FL34, Polimeri Europa) to achieve a LDPE:PE-g-MA:D72T 90:9:1 nanocomposite, as reported elsewhere [51] .
Thermal Characterization
Thermal characterization was performed with a Mettler Toledo 821 e calorimeter. The sample was held at 180 °C for 5 min and then cooled at 10 °C/min up to 40 °C, in order to appreciate the crystallization peak temperature, T c , and the crystallization enthalpy associated to the process. Then, in order to define the melting peak temperature, T m , the specimen was newly heated up to 180 °C, with a heating rate of 10 °C/min.
Rheo-optical characterization
Rheological experiments were performed by means of a plate plate rotational shearing device, Linkam CSS 450, enabling a strict control of temperature (between room temperature and 400 °C, with a control better than 0.5 °C), shear rate and shearing time. As known, in a rotational shearing device the distribution of radial shear rate is expressed by
where is the angular velocity of the rotating plate, R is the radial position along the plate radius and d is the gap between the plates, which can be varied from 10 to 2500 m. In the present experimental protocol, the gap was fixed at 100 m.
To perform in-situ Rheo-SALS experiments, according to a well tested experimental procedures [43, 44] , the Linkam shearing device was mounted on a vertical bench equipped with a He-Ne laser light source ( = 635 nm) and two polarizers. As shown in Figure 9 , according to the Hv configuration [47] , these were set at 0 and 90°, respectively.
The Hv scattering patterns were collected on a screen and digitalized with a CCD camera. In particular, the data acquisition and analyses were performed by means of a in house Lab View software. For the Rheo-Optical investigation LDPE:PE-g-MA 90:9 and LDPE:PE-g-MA:D72T 90:9:1 sample films, about 200 m thick, were prepared from pellets by compression moulding at 170 °C for 5 min in a Carver press, followed by quenching in cold water. Successively, a 25 mm diameter film disk was held between the two quartz plates of the Linkam cell at 170 °C for 5 min, in order to completely erase the memory of previous thermo-mechanical history. Then, the sample was cooled down to 40 °C, at a controlled cooling rate of 10 °C/min.
On cooling, at a suitable shearing temperature, T s , slightly lower than the observed melting point of the polymer matrix but higher than the crystallization temperature, a short duration step shear was applied. The adopted flow conditions were selected on the basis of quiescent conditions preliminary experiments and have been collected in Table 1 The scattering patterns were recorded, throughout the whole process, at frequency of 1 pattern every 3 s.
As reported in literature, the size of spherulites was deduced by the Hv scattering pattern by averaging the intensity versus the scattering angle over the four lobes. The average radius for spherulites, R, was estimated considering that [48] max 08 . 4 q R (2) where q max is the scattering vector corresponding to the maximum Intensity. From R, the nucleation density characteristic of the crystallizing system, N, was quantified by considering that:
Morphological characterization
The morphology of LDPE nanocomposites before and after the application of shear flow fields was investigated by Transmission Electron Microscopy (TEM) by using a Zeiss EM 900 microscope operating at an accelerating voltage of 80 kV. In order to correlate Rheo-SALS information with morphology, TEM observations were performed, after Rheo-SALS experiments, on films crystallized both in quiescent conditions and after shearing. Taking into account equation 1, narrow stripes were taken along the radius at a given shear rate value and then prepared for TEM by embedding in an epoxy resin and microtoming into ultra-thin sections (about 50 nm thick) with a Leika EM-FCS cryoultramicrotome equipped with a diamond knife (sample temperature: -145 °C; knife temperature: -60 °C). In order to ascertain the flow effects on the developed morphology, TEM observations were performed in parallel to the flow direction. 
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